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Abstract: Extracellular vesicles(EVs) derived from dental stem cells have emerged as a key focus in regenerative medicine, owing to
their remarkable ability to promote tissue repair and regeneration. Recent advancements revealed that targeted modifications can
significantly boost their functional properties, creating new possibilities for the regeneration field. This article provides an overview of
the most recent progress in EVs derived from dental stem cells research, with a particular emphasis on diverse engineering strategies
such as genetic, chemical, and physical techniques, and their role in enhancing therapeutic performance. Furthermore, the influence of
these engineering methods on the yield of EVs is thoroughly examined, offering critical perspectives for improving large-scale
manufacturing efficiency. Pretreatment-generated conditioned dental stem cells-derived EVs are also explored as an innovative
approach, demonstrating superior biological functions and regenerative potential. By integrating contemporary findings, this review
underscores the superior capabilities of modified EVs derived from dental stem cells in driving progress in regenerative medicine and
lays the groundwork for future investigations focused on clinical applications and therapeutic innovation.
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Introduction

Dental stem cells possess exceptional proliferation ability and the potential to differentiate into multiple lineages, highlighting
their importance in tissue regeneration. Dental stem cells comprise approximately eight types,’ with dental pulp stem cells
(DPSCs), stem cells from exfoliated deciduous teeth (SHEDs), periodontal ligament stem cells (PDLSCs), and stem cells from
apical papilla (SCAPs) being the most extensively studied. Notably, DPSCs exhibit excellent immunomodulatory capacity
coupled with low immunogenicity.? Furthermore, dental stem cells isolation procedures present significant advantages, as they
neither require invasive surgical interventions nor raise ethical concerns associated with other stem cell sources. These unique
advantages position them as highly promising candidates for regenerative medicine applications.

EVs are particles with a lipid bilayer membrane structure released by cells at the nanoscale.® Previous studies have
demonstrated that stem cells exert immunomodulation and tissue regeneration primarily through paracrine signaling, with
EVs serving as key mediators (eg, VEGF, miR-34a).** The enhanced ability to penetrate biological barriers, superior therapeutic
efficacy®’ and “cell-free” characteristics render EVs attractive alternatives for mitigating the risks associated with live cell
therapy. There have been numerous literature reports on the role of odontogenic EVs in inhibiting inflammation,®® exerting

%12 nerve regeneration),'® and facilitating tissue function

antioxidant effects,* promoting tissue regeneration (osteogenesis,’
recovery.'*'® Additionally, parental dental stem cells can be tailored to yield EVs with improved therapeutic potential. To tailor

such EVs, cells could be preconditioned through methods including hypoxia, gene modification, growth factors, anti-
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Figure | Preconditioning strategies and therapeutic applications of tailored extracellular vesicles. The schematic diagram reviews the therapeutic applications and pre-
treatment strategies of dental stem cell-derived extracellular vesicles (EVs), which show significant potential in tissue recovery regeneration, anti-inflammation, and
antioxidative effects. Key pre-treatment methods to enhance EVs efficacy include: |. Hypoxia Preconditioning (via hypoxic culture or HIF-la transfection) to boost pro-
angiogenic and osteogenic potential. 2. Inflammatory Stimulation (using LPS, TNF-a, IFN-y) to enhance immunomodulatory and pro-angiogenic properties. 3. Genetic
Modification (via viral plasmid transfection or electroporation) to overexpress specific molecules and tailor EVs functions. 4. Pre-differentiation (using osteogenic/
odontogenic medium) to improve osteogenic and odontogenic differentiation. 5. Apoptotic Induction (via staurosporine or serum starvation) to promote vascularization
and tissue regeneration. Additionally, TWSI 19 pretreatment enhances EVs’ neurogenic potential, while high glucose exposure hinders periodontal regeneration. In summary,
these strategies collectively optimize the therapeutic potential of dental stem cell-derived EVs for regenerative medicine applications. Created in BioRender. Liu, x. (2025)

https://BioRender.com/v43r072.
Abbreviations: EVs, extracellular vesicles; OM, osteogenic differentiation medium; Dex, dexamethasone; AA, ascorbic acid; B-GP, B-glycerophosphate; HIF-1a, hypoxia

inducible factor-1; LPS, Lipopolysaccharide; TNF-0, tumor necrosis factor-alpha; IFN-y, interferon-gamma.

inflammatory or inflammatory mediator pretreatment, and so on.'” In this article, we offer a comprehensive review of the recent
studies on tailored EVs derived from preconditioned dental stem cells for improved therapeutic outcomes (Figure 1).

Current studies exhibit considerable inconsistency in EVs nomenclature, with a notable absence of standardized
terminology. While the term “exosome” is widely adopted, the MISEV2023 guidelines explicitly discourage its use due
to the inability of most isolation methods to verify a pure exosomal origin.®> To ensure terminological consistency, this
review adheres to the nomenclature convention established in the MISEV2023 guidelines by the International Society for

Extracellular Vesicles (eg, using “EVs” instead of “exosomes” where applicable).

Hypoxia

The physicochemical properties and even physiological functions of EVs secreted by cells are highly sensitive to cell culture
conditions, with oxygen tension being a particularly critical determinant: Oxygen is essential for biological survival and
participates in various biological reaction processes.'® Physiological oxygen levels in most tissues range from 1% to 5%,
significantly lower than the 21% O, typically maintained in conventional cell culture systems. This physiological disparity
may introduce significant experimental bias, particularly given the established capacity of hypoxic conditions to modify EVs

contents'® and therapeutic efficacy.”
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Of clinical relevance, EVs derived from dental stem cells subjected to oxygen restriction exhibit a stronger potential
in promoting angiogenesis and immunomodulatory capacity, suggesting their utility as novel biologics for regenerative
medicine applications.”!

Liu et al*! reported that when SCAPs were cultured under hypoxic conditions (1% O,, 5% CO, for 48 hours), the resulting
EVs exhibited similar morphology to normoxic ones, but with markedly increased particle yield, protein content, and surface
markers expression (Alix, Tsg101, CD81), suggesting that hypoxia stimulates EVs secretion from SCAPs. Functionally,
hypoxic EVs demonstrated superior uptake by human umbilical vein endothelial cells (HUVECsS), significantly promoting
their proliferation, migration, and tube formation capacity in vitro. Mechanistically, this pro-angiogenic effect was attributed
to the activation of the Notch/JAG1/VEGF signaling axis. Complementing these findings, Lin et al** identified miR-126 as
a key mediator transferred via hypoxia-primed SCAPs EVs to HUVECs, where it downregulated sprouty-related expression,
EVHI domain containing protein 1 (SPRED1) to activate the extracellular signal regulated kinase(ERK) signaling pathway.
This mechanism was further validated in vivo, with miR-126-enriched EV's inducing robust CD31" and a-SMA " vasculature
in matrigel plug assays. The enhanced vascularization not only provides critical oxygen and nutrient supply, a prerequisite for
successful tissue regeneration, but also creates a favorable microenvironment for osteogenesis. This mechanistic link is
exemplified in the work of Gao et al,”> authors demonstrated that EVs from hypoxia-preconditioned SHEDs, while
morphologically unchanged, exhibited enhanced osteogenic and angiogenic capacities. Notably, when loaded into injectable
porous poly lactide-co-glycolide microspheres with bioinspired polydopamine coating, EVs achieved sustained release and
significantly improved skull regeneration, highlighting the synergy between EVs therapeutics and biomaterial engineering.*

The degree of hypoxia used in preconditioning protocols varies across studies, but even moderate hypoxia can
significantly alter EVs function. Unlike the previous study that used 1% O, for hypoxia, in the study of Li et al,>* DPSCs
were treated with 21% O, and 2% O, for 48 hours to obtain normoxic and hypoxic EVs. Hypoxic EVs exhibited stronger
angiogenic effects than normoxic EVs, promoting HUVECs proliferation, migration, and tube formation ability. This
effect is mediated by upregulated VEGFA and SDF-1, with lysyl oxidase-like 2(LOXL2) identified as a critical cargo
protein, silencing LOXL2 abolishes the pro-angiogenic capacity of hypoxic EVs.?> Similarly, SHEDs-derived hypoxic
EVs showed increased size and secretion, likely due to Rab27A-mediated biogenesis. Their enhanced angiogenic activity
is linked to let-7f-5p/AGO1/VEGF and miR-210-3p/ephrinA3 signaling.?® These findings suggest that hypoxic precon-
ditioning enhances the functional effects of EVs, but the optimal oxygen level deserves further investigation.

As mentioned above, hypoxic cultivation of maternal cells has established hypoxia inducible factor-1 (HIF-1a) as
a master regulator of cellular adaptation.”” Notably, under hypoxic conditions, HIF-1a exhibits stable expression and
serves as a key regulator for a wide array of genes linked to cellular proliferation and apoptotic processes.”® Building on
these findings, part of the research employed genetic engineering technology to directly regulate HIF-1a expression,
thereby increasing the therapeutic potential. As reported in the study of Hernan Gonzalez-King et al,*’ lentivirus-
mediated overexpression of HIF-1a in DPSCs significantly increased the production of Jaggedl-rich EVs. Such EVs also
possessed a superior angiogenic capacity compared to general EVs. This approach presents a promising strategy for

ischemic conditions. Further innovation comes from Marta Gomez-Ferrer et al,>*

who developed immortalized HIF-1a/
telomerase-overexpressing DPSCs by combining genetic engineering and pro-inflammatory stimulation. The resulting
EVs exhibited not only improved yield and homogeneity but also enhanced immunomodulatory properties.

Hypoxic preconditioning effectively enhances EVs yield and angiogenic potential across dental stem cells, yet critical gaps
persist: (1) Oxygen optimization: Cell-type-specific responses to hypoxia remain uncharacterized, with no consensus on
maximal efficacy thresholds. (2) Clinical translation: Hypoxic preconditioning is cost-requiring, and its protocol remains
unstandardized; (3) Safety concern: The potential for residual pro-inflammatory factors to induce adverse immune reactions

remains an important safety consideration; HIF-1a editing offers precision but carries genomic instability risks.

Inflammation

Evidence from multiple studies indicates that the inflammatory microenvironment can exert relatively positive impacts
on stem cells, improving their proliferation, differentiation, adhesion, and other capabilities to promote tissue repair.
Researchers believe that this function involves intercellular information exchange mediated by EVs.*!
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Zhang et al*' observed an enhanced vascularization phenomenon in periodontitis, and further isolated PDLSCs from
healthy and periodontitis patients’ teeth. The research results demonstrated that inflammation not only promoted the
secretion of EVs by PDLSCs but also enhanced their angiogenic potential through miR-17-5p/VEGFA signaling.*'

Similarly, Wang et al*?

reported that EVs secreted by inflammatory PDLSCs isolated from teeth of periodontitis patients
could regulate macrophage polarization and immune responses through the miR-143-3p-regulated PI3K/AKT/NF-«xB
pathway, presenting a promising therapeutic strategy for periodontitis.*>

Beyond obtaining stem cells directly from inflamed tissues, corresponding inflammatory cytokines can also be used to
stimulate stem cells to simulate an inflammatory environment. One commonly used inflammatory factor is
Lipopolysaccharide (LPS), which is widely applied in experimental studies to induce inflammatory responses. LPS
stimulation significantly augments the pro-angiogenic capacity of EVs secreted by DPSCs, as evidenced by the enhanced
proliferation, migration, and tube formation ability of HUVECs. This functional enhancement is mediated through
angiogenesis-related miRNA in LPS-preconditioned EVs.>* Notably, Li et al** has reported that LPS-preconditioned
DPSCs EVs exhibit a more pronounced ability to enhance proliferation, migration, and odontogenic differentiation of
Schwann cells (SCs), making them highly valuable for tooth injury repair.

In fact, LPS preconditioning not only facilitates tissue regeneration but also confers robust immunomodulatory

properties to EVs. Umar et al’”

used LPS/IFN-y to polarize primary bone marrow macrophages into M1-like cells and
IL-4 stimulation to polarize them into repair phenotype M2-like cells as models in vitro. EVs derived from LPS-
preconditioned DPSCs exhibited stronger anti-inflammatory activity, significantly suppressing pro-inflammatory cyto-
kines (IL-1B, TNF-a, and IL-6) while elevating anti-inflammatory mediators (IL-10 and TGF-B). These effects are
mediated through EVs-enriched miRNAs, particularly miR-320a-3p, which potentially modulate the TLR4/NF-xB
signaling pathway. Other evidence further supports the immunomodulatory potential of LPS-preconditioned dental
stem cell EVs. EVs derived from LPS-preconditioned dental follicle stem cells (DFSCs) demonstrated enhanced
therapeutic potential for periodontitis treatment. While maintaining typical EVs morphology, the production increased
significantly (1.5-fold) and exhibited potent immunomodulatory effects, including promoting macrophage M2 polariza-
tion, exerting antioxidant effects,’® and regulating apoptotic/anti-apoptotic gene expression.’’ Notably, while most
studies indicate that LPS stimulation enhances the ability of dental stem cells EVs to mitigate inflammation, this appears
to be context-dependent. For instance, EVs derived from LPS-stimulated PDLSCs were reported to promote M1
polarization,>**® whereas Zheng et al*° observed that EVs from LPS-preconditioned PDLSCs impaired immunomodula-
tion capacity via the miR-155-5p/SIRT1 axis, disrupting T helper cell 17(Th17) /regulatory T cell(Treg) balance
compared to general EVs.>® This conflicting finding prompts the reasonable assumption that the impact of LPS
preconditioning on dental stem cells EVs’ effects may depend on their tissue origin, highlighting the need for tailored
inflammatory preconditioning strategies to optimize the therapeutic potential of EVs.

TNF-a is also one of the inducers used to simulate inflammation. Notably, pretreatment with TNF-o not only
increases EVs yield but also augments their immunomodulatory and regenerative capacities®' through distinct molecular
mechanisms. Yuki Nakao et al*® demonstrated that EVs from TNF-a-pretreated gingiva-derived mesenchymal stem cells
(GMSCs) exhibited a 2.7-fold increase in productivity while maintaining standard biophysical characteristics. These
tailored EVs exerted enhanced anti-inflammatory effects by promoting M2 macrophage polarization through the miR-
1260b/Wnt5a/RANKL axis. This mechanism was particularly effective for periodontitis treatment, as it concurrently
inhibited osteoclastogenesis and bone resorption. Similarly, Yan et al*! reported that inflammatory priming doubled EVs
production from DPSCs without altering vesicular morphology, with the miR-758-5p/LMBR1/BMP2/4 pathway account-
ing for their superior osteo/odontogenic differentiation capacity. Beyond dental applications, Yu et al** applied the EVs
secreted by TNF-a-stimulated GMSCs in the treatment of glaucoma based on previous research findings that conditioned
medium of mesenchymal stem cells (MSCs) stimulated by TNF-a has the stronger anti-allergic ability.** The study
revealed that preconditioned EVs exerted neuroprotective effects in a glaucoma model by exerting anti-apoptotic effects
on retinal ganglion cells and inhibiting neuroinflammation via the MEG3/miR-21-5p/PDCD4 cascade, effectively
attenuating retinal ischemia-reperfusion injury.*> However, TNF-a is a well-characterized pro-inflammatory cytokine™**

capable of inducing adverse effects at elevated concentrations or extended exposure periods, its biological impact is

8330 https: International Journal of Nanomedicine 2025:20



Liu et al

highly dependent on dosage and treatment duration. In the current study, the parameters (TNF-o at 10 ng/mL for
48 hours) have been established to induce beneficial immunomodulation.*

Furthermore, an investigation by Gratpain et al*> employed TNF-a and IFN-y stimulation to characterize EVs
modifications from SCAPs, revealing significant miRNA profile alterations without detectable lipidomic changes.
However, these original or tailored EVs failed to attenuate inflammation in both the LPS-challenged BV2 cell and
spinal cord sections models. Therefore, researchers do not believe that EVs play a key role in the reported effects of
SCAPs.

In conclusion, while numerous studies demonstrate that pro-inflammatory priming enhances the anti-inflammatory
potential of dental stem cell-derived EVs, the outcomes of such pretreatment exhibit significant variability (not always
reproducible across models). Reported effects range from negligible to paradoxical, suggesting that subtle variations in
experimental parameters may critically influence the results. Table 1 provides a systematic summary of the key

inflammatory preconditioning parameters for comparative analysis.

Gene Modification

EVs have emerged as promising gene delivery tools owing to their inherent biocompatibility and biomimetic membrane
properties. Through genetic modification of parental cells, researchers can generate engineered EVs enriched with
therapeutic nucleic acid (eg miRNA). These bioengineered nanovesicles serve as targeted molecular delivery platforms,
demonstrating superior therapeutic outcomes compared to conventional delivery systems. Current research on genetic
modification of dental stem cell-derived EVs remains limited, with electroporation and viral transduction being the
predominant delivery methodologies employed.

Table 1 Summary of Inflammation Preconditioning Parameters for Dental Stem Cells-Derived EVs

Cell Passage | Inflammatory | Concentration | Treatment | Key Outcome Citation
Type Factor Time

PDLSCs | / TNF-a / / Promote angiogenic capacity of HUVECs. [31]
DPSCs / LPS 5 pg/mL 48 hours Promote angiogenic capacity of HUVECs. [33]
DPSCs P3-5 LPS | pg/mL Overnight Enhance proliferation, migration, and odontogenic [34]

differentiation of SCs.

DPSCs | / LPS 100 ng/mL 72 hours Promote M2 macrophage polarization and suppress [35]

M| macrophage polarization.

DFSCs / LPS 250 ng/mL 24 hours Promote M2 macrophage polarization; Exert [36]

antioxidant effects.

DFSCs / LPS 250 ng/mL 24 hours Inhibit apoptosis. [37]
GMSCs | P3-5 TNF-a 100 ng/mL 48 hours Promote M2 macrophage polarization. [40]
DPSCs P3-5 TNF-a 10 ng/mL 72 hours Stimulate osteogenic and odontogenic differentiation | [41]
of PDLSCs.
GMSCs | P2-3 TNF-a 10 ng/mL 48 hours Inhibit apoptosis and neuroinflammation [42]
SCAPs / TNF-0 and IFN-y | 20 ng/mL 72 hours Fail to attenuate inflammation. [45]
PDLSCs | / LPS 100 ng/mL 7 days Promote M| macrophage polarization. [32]
PDLSCs | / LPS | pug/mL | hour Promote M| macrophage polarization. [38]
PDLSCs | / LPS | pg/mL 24 hours Disrupt Th17/Treg balance. [39]

Note: The symbol “/” denotes that specific data were not reported in the referenced literature.
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Lin et al*® used electroporation to transfect miR-140-5p mimetics into DPSCs, constructing DPSCs overexpressing
miR-140-5p and isolating EVs overexpressing miR-140-5p. miR-140-5p-enriched EVs demonstrated superior efficacy in
cartilage repair by mitigating inflammatory chondrocyte apoptosis, offering promise for osteoarthritis treatment. Faezeh
Vakhshiteh et al*” used XMIRXpress-34a lentivectors to prepare DPSCs overexpressing miR-34a, producing miR-34a-
enriched EVs. Notably, miR-34a modification not only improved EVs production yield but also endowed them with
potent anti-tumor properties against breast cancer cells in terms of apoptosis, migration, and invasion. Beyond miRNA
engineering, innovative gene therapy approaches have been applied. The yCD::UPRT retroviral system created DPSCs
capable of producing EVs that combine gene therapy and chemotherapy.*® This dual-action platform converts the
prodrug 5-fluorocytosine into cytotoxic 5-fluorouracil while simultaneously delivering chemotherapeutic agents, resulting
in synergistic anti-tumor effects against pancreatic cancer at reduced drug doses. For inflammatory conditions, the P2X7
receptor (P2X7R) has proven valuable in protecting PDLSCs from inflammation-induced damage. P2X7R-modified
PDLSCs secreted EVs that enhance osteogenic potential and mitigate inflammatory responses, suggesting applications in
periodontal regeneration.*’

From the perspective of transfection efficiency, viral vector transfection can increase the content of target genes in
EVs by 15 times,*” which is significantly better than the 4-fold increase brought by electroporation.*® However, the
potential risk of genomic integration associated with viral vectors remains a critical concern. Unfortunately, the
aforementioned study did not conduct any relevant safety assessments. There are various ways of genetic modification,
each offering distinct advantages in terms of cell type compatibility, expression durability, and operational feasibility.
Importantly, while genetic modification enables precise functional modulation of EVs, it also introduces potential off-
target effects, necessitating a careful balance between efficiency and safety in methodological selection. Researchers
must establish robust risk assessment protocols to mitigate unintended consequences and ensure clinical translational
viability.

Predifferentiation

The general EVs have limited capacity to direct cellular differentiation, whereas EVs secreted by specific cell types can
induce stem cell-specific lineage commitment. Therefore, some scholars have achieved the expected results by inducing
the differentiation of stem cells and harvesting conditioned EVs. For dental stem cells, due to their inherent osteogenic
and odontogenic properties, researchers commonly use osteogenic differentiation induction protocols: using osteogenic
culture medium (OM) supplemented with 100 nM dexamethasone, 10mmol/L B-glycerophosphate sodium, and 50 pmol/
L ascorbic acid on the basis of proliferation medium for induction. The experiment confirmed that the EVs obtained
through this treatment indeed exhibited stronger osteogenic and odontogenic efficacy.

When SHEDs were induced with dental induction medium containing dexamethasone, the resulting EVs (OM-EV)
exhibited altered cargo profiles, potentially mediated by the AMPK-mTOR signaling pathway.’® Although OM-EV
showed reduced proliferation and migration effects on DPSCs compared to normal culture-derived EVs, they
significantly enhanced odontogenic differentiation, as evidenced by corresponding staining results. This potential
was further confirmed using 5% GelMA hydrogel loaded with 500 pg/mL OM-EV in a root slice model, which
promoted dentin formation and mineralization. Similar effects were observed with osteogenically differentiated
SHEDs-derived EVs, which promoted PDLSCs proliferation in a dose-dependent manner and enhanced osteogenic
differentiation compared to control EVs.”' These effects were associated with increased Wnt 3a and BMP 2
expression, activating Wnt/B-catenin and BMP/Smad signaling pathways. The therapeutic benefits of tailored EVs
extend to DPSCs. When combining EVs derived from osteogenic-induced DPSCs with hydrogel scaffolds, significant
enhancement in bone remodeling capacity is observed, marked by upregulated BMP2 and ALP expression and
increased formation of calcium nodules.’? Similar effects have also been reflected in the research of Hu et al,>
authors attributed this enhanced osteogenic activity to miR-27a-5p, which is 11 times more abundant in the odonto-
genic differentiation-induced DPSCs EVs and promotes odontogenic differentiation of DPSCs through downregulation
of LTBP-1 and activation of the TGFB1/Smads pathway. It is worth noting that the regulatory effect of prediffer-
entiated EVs exhibits directional precision. As evidenced by Xie et al,>* PDLSCs were cultured in differentiation
medium for 5 days to obtain specific EVs, which promote osteoclastogenesis via the circ 0000722/NF-xkB/AKT axis.
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This bidirectional regulatory ability (promoting both osteogenesis and osteoclastogenesis) provides a new strategy for
bone regeneration, indicating that predifferentiated EVs have unique application value in bone tissue engineering.

Interestingly, the efficacy of predifferentiation exhibits temporal dependence, with prolonged differentiation periods
yielding stronger effects. Liu et al>> demonstrated this phenomenon using EVs derived from PDLSCs induced by OM for
14 days, which showed superior ALP, ARS staining, and osteogenic genes expression in bone marrow mesenchymal stem
cells (BMSCs) compared to earlier time points (3 days and 7 days). While miRNA profiling revealed osteogenesis-related
pathway enrichment, the precise mechanisms require further investigation. This temporal pattern was corroborated by
Zhang et al,>® who induced DPSCs for 4 and 7 days using OM to obtain corresponding EVs. Seven-day induced EVs
significantly enhanced ALP activity and osteogenic markers expression (Runx 2, OCN, and CollAl) versus controls.
Notably, when loaded onto modified titanium scaffolds, the loading capacity of EVs was increased to nearly 5 times, and
the system promoted robust cranial bone regeneration with sustained kinetics. RNA sequencing implicated MAPK and
AMPK pathways in this process, though functional validation remains pending.>®

While EVs derived from predifferentiated dental stem cells demonstrate considerable therapeutic promise, critical
translational challenges remain to be resolved. The process of physiological bone remodeling depends on the precise
regulation of osteogenic and osteoclastic activities. However maintaining this balance in bone tissue regeneration
presents a considerable challenge, current research often overlook the necessity for sophisticated delivery platforms
capable of precise spatiotemporal modulation to prevent pathological osteoclast activation. Additionally, the use of
dexamethasone as a key inducer in predefferentiation protocols raises concerns regarding the long-term biosafety of
derived EVs, particularly with respect to their potential to induce epigenetic modifications that warrant thorough
investigation.

Apoptosis

The traditional view holds that apoptosis is a silent form of cell death, but recent studies have found that apoptotic cells
release signals that promote mitosis in neighboring cells, which is essential for tissue regeneration and maintenance of
tissue homeostasis.”’® EVs generated during apoptosis are important signal mediators, as biogenesis>® differs from
conventional vesicles and therefore contains unique contents (eg cleaved Caspase 3).°° Previous studies have shown that
they can play a better role in promoting regeneration.”’°"** For the convenience of discussion, this review uniformly
refers to such EVs as apoptotic EVs. Current in vitro apoptosis induction methods, including staurosporine (STS)
treatment, inflammatory factors, H,O, exposure, UVC irradiation, and serum-free culture,63 remain underutilized in
dental stem cells research. Currently, STS and serum starvation induction are mainly used, and their efficacy in
promoting angiogenesis and bone regeneration is mainly focused on, which may limit the comprehensive analysis of
their apoptotic EVs characteristics.

Li et al* confirmed the necessity of DPSCs apoptosis for pulp regeneration through a nude mouse model: the use of
apoptosis inhibitor Z-VAD can block the regeneration process, while 0.5 uM STS-induced DPSCs apoptotic EVs can
significantly promote pulp-like tissue and vascular formation. These effects were further confirmed in preclinical large
animals (dogs) and coculturation with endothelial cells (ECs) in vitro. Mechanism studies have shown that apoptotic EVs
regulate ECs autophagy and activate angiogenesis by transferring TUFM, ultimately promoting effective regeneration of
dental pulp. Fei et al®® further revealed that apoptotic EVs derived from DPSCs could be internalized by HUVECs,
significantly enhancing cell migration, tube formation ability, and VEGFA expression at a concentration below 25 pg/
mL. Their effects are mediated through the PI3K/Akt/VEGF pathway, and both safety and efficacy are considered in vivo
experiments. The vascular regeneration function of apoptotic EVs derived from dental stem cells has been extended. In
a mouse oxygen-induced retinopathy (OIR) model, Jing et al®® demonstrated that SHEDs-derived apoptotic EVs exhibit
dual therapeutic actions: suppression of pathological angiogenesis coupled with PD1/PDL1 mediated regulation of ECs
glycolysis, which collectively promoted physiological vascular reconstruction and visual function recovery. Remarkably,
unilateral administration induced bilateral therapeutic effects, indicating systemic bioavailability.

Similarly, Yang et al®” demonstrated that apoptotic EVs derived from STS-induced DPSCs were effectively inter-
nalized by BMSCs, enhancing osteogenic differentiation as evidenced by increased ALP and ARS staining positivity and

higher expression of related bone markers (OCN, RUNX2, ALP, and COL1A1). It is worth mentioning that the authors
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have done more in-depth research on osteoporosis, which is a systemic bone disease and was divided into premenopausal
osteoporosis and senile osteoporosis.®” In ovariectomy-induced osteoporosis models, apoptotic EVs restored bone
mineral deposition rates to sham-operated levels, with comparable efficacy observed in 18-month-old aged osteoporotic
mice. In addition, combining apoptotic EVs with polydopamine-coated PLGA scaffolds significantly augmented new
bone formation with better bone morphology in rat calvarial defects. Mechanistically, these pro-osteogenic effects were
mediated through ERK1/2 pathway activation.®’

Instead of inducing apoptosis with chemicals, Sunartvanichkul et al®®

successfully isolated SHEDs apoptotic EVs
using a 3-week serum starvation protocol. Specifically, the SHEDs with an 80% fusion rate in normal culture were
converted to the FBS-free medium for 3 weeks without replacement, and then the apoptotic EVs were isolated from the
conditioned medium. Compared to conventional EVs, these apoptotic EVs demonstrated superior pro-angiogenic activity,
enhancing both HUVECs proliferation migration rate and vascular network complexity (evidenced by elevated tube
density, connectivity, and total length in the tube formation assay).

Despite demonstrating significant therapeutic potential in tissue regeneration (particularly angiogenesis and bone
repair), the clinical translation of dental stem cell-derived apoptotic EVs faces substantial hurdles. A major limitation
stems from the current reliance on only two induction approaches: STS treatment and serum deprivation, with insufficient
comparative studies to standardize induction parameters. This methodological constraint impedes robust evaluation of
apoptotic biological activity, mechanistic characterization, and cross-study preclinical validation, ultimately hindering
clinical advancement.

Glycogen Synthase Kinase-3p Inhibitor and Glucose

In addition to the above common preconditioning methods in the field of EVs of odontogenic stem cells, there are also
some studies using relatively unique pretreatment methods for modification. In Wang et al’s® study, human SHEDs
stimulated by glycogen synthase kinase-3f inhibitor TWS119 activate the Wnt signaling pathway, and its derived EVs
have been shown to promote neural differentiation of embryonic cancer cell line P19 from aspects of neurofilament and
synapse formation. Lu et al’® compared the ability of EVs produced by PDLSCs under normal and high glucose culture
conditions to save alveolar bone loss in periodontitis, and found that EVs could promote periodontal regeneration by
inhibiting osteoclast formation. Notably, the effect of EVs derived from high glucose-preconditioned PDLSCs is
relatively weak, which may be explained by the diabetic hyperglycemic microenvironment that hinders periodontal
repair. However, EVs still played a regulatory role in alveolar bone regeneration by targeting eNOS via miR-31-5p,
providing a new idea for diabetic periodontitis.

Higher Extracellular Vesicles Production
A major challenge hindering the clinical translation of EVs is their inherently low bioproduction yield. Current evidence
indicates that 10° cells can only produce 1 to 4 pug of EVs per day, which is far from being available for clinical

2123.2629 inflammation,®'*%*%*! differentiation® and gene modification®’

application.”’ As mentioned above, hypoxia,
have all been reported not only to demonstrate superior performance in corresponding disease models but also have been
mentioned to increase EVs production to varying degrees (Figure 2). Unfortunately, these studies do not seem to provide
a more detailed explanation of the specific reasons, which may constitute a worthwhile area for researchers to further
investigate and organize. In addition to these simulations of physiological stimuli mentioned in this article, 3D-

culture””?

is also a method to enhance EVs production.

However, compared with these physiological simulation interventions, some mechanical methods may have more
significant effects on production, such as microfluidic fabrication,”* sonication,” and cellular-nanoporation method,”®
they have become an alternative solution to the drawbacks of EVs’ low yield. However these methods rely on
sophisticated and expensive instruments and associated operational costs present significant barriers to widespread
implementation. In response to the demand for increased production of EVs from dental stem cells, recent research
has shifted towards simplified alternative solutions, namely the preparation of engineered vesicles with EVs-like

functions through extrusion and freezing-thawing cycling. These methods not only avoid the dependence on complex
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Figure 2 Methods to increase the production of vesicles secreted by dental stem cells. This figure outlines the pre-treatment methods employed to enhance production in
the field of extracellular vesicles derived from dental stem cells. These methods include hypoxia, inflammation, gene modification, and pre-differentiation, which mimic
physiological conditions. Furthermore, mechanical techniques such as extrusion are utilized to produce more high-yield and uniformly sized vesicle-like structures(eNVs),
while repeated freeze-thaw cycles facilitate the acquisition of high-yield novel internal vesicles(ACDVs). Created in BioRender. Liu, x. (2025) https://BioRender.com/e89g046.
Abbreviations: eNVs, extruded nanovesicles; ACDVs, a new type of artificial cell-derived vesicles.

equipment but have also been proven to significantly improve vesicle yield, providing a feasible pathway for clinical
translation.

Liang et al’” adopted the method of extrusion to get extruded nanovesicles, named as eNVs, specifically, creating by
passing them through polycarbonate filter membranes using a liposome extrusion device. Structural analysis revealed that
eNVs possess a typical phospholipid bilayer-enclosed vesicular architecture resembling EVs, both expressing specific
EVs markers, but with more uniform size and higher protein production (136.8 times that of EVs) and higher particle
count (41.1 times that of EVs). eNVs demonstrated a good effect in promoting periodontitis healing. In vitro, eNVs
exhibited superior ability to promote PDLSCs migration and proliferation compared to EVs, while upregulating key
osteogenic markers (ALP, CIL1, BMP2, and RUNX2) at the protein level. In the SD rat periodontal defect model, eNVs
were delivered by matrix collagen and gathered at the periodontal defect, promoting diffuse new bone formation.
Compared to the control group, treatment with eNVs resulted in elevated bone parameters, including bone surface
area, bone trabecular number, and osteogenic markers such as RUNX2 and COL, although the effect was not superior to
EVs. Collectively, the remarkable production yield of uniform eNVs and their comparable enhancement of osteogenic
activity establish them as a promising EVs alternative.

In another research, Duan et al’®

proposed a new class of vesicles, they obtained a new type of artificial cell-derived
vesicles (ACDVs) by freezing-thawing multiple times. To be specific, the cells will be fully lysed through dilation with pure
water and repeated freezing-thawing, and the remaining vesicles will be actively released in advance to obtain the cell lysate of

DPSCs, then ACDVs will be isolated by ultracentrifugation. The novel ACDVs exhibited a significantly higher yield,
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approximately 16-fold greater, and superior purity in comparison to EVs. No notable differences were observed in size or
cytokine composition between the two types, with both exhibiting a lipid bilayer spherical structure, comparable EVs marker
expression, and similar protein secretion profiles. Regardless, certain protein components in ACDVs (eg BDNF) show higher
levels than those in EVs. ACDVs exerted functional effects by stimulating HUVECs’ proliferation, migration, and vascular-
ization, thereby effectively aiding wound healing. In a mouse burn model, ACDVs exhibited a wound-healing promotion
similar to EVs, reducing the wound size to one-sixth of its initial area, half the size seen in the control group. Additionally, the
levels of the anti-inflammatory factor and angiogenesis factor were elevated, while the inflammatory factor IL-1p was
markedly reduced compared to the control group. Furthermore, the wound area displayed a more granulation tissue formation
and increased regeneration of collagen and elastic fibers, emphasizing ACDVs’ role in enhancing wound healing. In
conclusion, DUAN’s study introduces a novel class of ACDVs that exhibit comparable efficacy to EVs while offering
a significantly higher yield, making them more suitable for clinical applications.

While engineered vesicles (eNVs and ACDVs) demonstrate substantial production advantages over natural EVs, their
therapeutic performance remains merely comparable to or marginally superior to natural EVs. This efficacy-yield
discrepancy raises critical concerns regarding their bioequivalence, suggesting the potential loss of crucial regulatory
components during artificial fabrication. Additionally, as defined by MISEV2023 guidelines, both eNVs and ACDVs
belong to EV mimetics(EVMs), representing vesicles passively released through pressure application, in contrast to
natural EVs that undergo active cellular secretion. This fundamental distinction in biogenesis raises several safety
considerations. Table 2 lists the pros and cons of eNVs and ACDVs for clinical translation.

Additionally, vesicle production varies substantially across intervention methods, with studies employing disparate
quantification metrics (eg particle counts, protein concentration, or surface markers). These variations are comprehen-
sively compared in Table 3.

Table 2 Strengths and Limitations of eNVs and ACDVs for Clinical Applications

eNVs ACDVs
Advantage High yield, more uniform size, EVs-equivalent osteogenic High yield, relatively simple operation, EVs-comparable wound-
potential healing capacity
Disadvantage | (I) Natural EVs exhibit selective packaging of bioactive (1) ACDVs’ elevated growth factors (eg EGF-R, PDGF-AA) may
components, whereas mechanical extrusion in eNVs activate oncogenic pathways, with unassessed clinical risks.
production results in random cargo loading, potentially (2) Unlike natural EVs with established low immunogenicity,
compromising key factors and limiting efficacy ACDVs lack systematic data on in vivo metabolism (eg
enhancement. hepatic/splenic accumulation), raising clinical translation
(2) Extrusion may disrupt lipid bilayer symmetry, exposing pro- concerns.
inflammatory lipids and potentially inducing immune (3) Freeze-thaw cycles may denature membrane proteins,
responses. impairing vesicle targeting.

Table 3 Alterations in Vesicle Yield Resulting From Different Treatment Methods

Processing | Specific Operation Cell Secretion Volume Change Citation
Method Type
Hypoxia Cultivate in a high humidity environment of 37°C, | SHEDs | The protein concentration has almost doubled. [23]

5% humidity, 5% CO,, and 1% O,

Inflammation | Treat with 250 ng/mL LPS DFSCs | Promote nearly 1.5 times the secretion of vesicles. [36]
Inflammation | Treat with 100 ng/mL TNF-a GMSCs | The number of particles produced is as much as 2.7 | [40]
times higher.
Inflammation | Treat with 10 ng/mL TNF-a DPSCs | The number of particles has increased by more than | [41]
twice.
(Continued)

8336 https: International Journal of Nanomedicine 2025:20



Liu et al

Table 3 (Continued).

Processing | Specific Operation Cell Secretion Volume Change Citation
Method Type
Gene Use XMIRXpress-34a lentivectors to prepare DPSCs | The production of vesicles has nearly doubled. [47]
modification | DPSC overexpressing miR-34a and obtain miR-
34a-rich EVs.
Extrusion Pass DFSC through polycarbonate filter DFSCs | More uniform size, the protein yield is 136.8 times [77]
membranes using a liposome extrusion device. that of EVs, and the particle count is 41.] times that
of EVs.
Freezing- Fully lysed cells through dilation with pure water | DPSCs | The yield is |6 times that of EVs. [78]
thawing and repeated freezing-thawing.
Conclusion

In summary, preconditioning strategies (hypoxia, inflammation, gene modification, etc) differentially enhance the therapeutic

potential of dental stem cells-derived EVs, as systematically compared in Table 4. While no universal optimal strategy exists,

Table 4 Comparative Analysis of EVs Preconditioning Strategies

enhancement (<5x%)

Strategy EVs Yield Therapeutic Mechanism
(Compared to Outcomes
General EVs)
Hypoxia Moderate yield Pro-angiogenesis Promote proliferation, migration, and tube formation ability of HUVECs.

(Notch/JAG I /VEGF;*' miR-126/SPRED I/ERK;?* VEGFA/SDF- I/LOXL2;**
Let-7f-5p/AGO | /'VEGF and miR-210-3p/ephrinA3.%¢)

Pro-immunomodulation

Inhibit T cell proliferation; Promote polarization of immunosuppressive

macrophages.*°

Inflammation

Moderate yield

enhancement (<5X%)

Pro-angiogenesis

Promote proliferation, migration, and tube formation ability of HUVECs.
(miR-17-5p/VEGFA?")

Pro-odontogenesis

/osteogenesis

Promote proliferation, migration, and odontogenic differentiation of SCs;
Promote osteogenic and odontogenic differentiation. (miR-758-5p/
LMBRI/BMP2/4*")

Pro-immunomodulation

Promote M2 macrophage polarization; Suppress M| macrophage
polarization; Excet antioxidant effects; Regulate apoptosis (miR-320a-3p/
TLR4/NF-xB;** ROS/JNK, ROS/ERK;* JNK and p38 pathways;’
miR-1260b/Wnt5a/RANKL;** MEG3/miR-21-5p/PDCD4.4?)

Gene
modification

Moderate yield

enhancement (<5%)

Pro-immunomodaulation;

Anti-tumor activity

/

Predifferentiation | /

Pro-odontogenesis

/osteogenesis

Alleviate inflammation; Accelerate vascular remodeling; Modulate
osteoblast/osteoclast activity.

(AMPK-mTOR;*® Wnt/B-catenin and BMP/Smad;®'
LTBPI/TGFpI/Smads;®' cir-0000722/NF-kB/AKT;** MAPK and AMPK.*®)

Apoptosis

Pro-angiogenesis

Promote proliferation, migration, and tube formation ability of HUVECs.
(PI3BK/AKt/VEGF;*® PDI/PDLI.%¢)

Pro-osteogenesis

Promote osteogenic differentiation.
(ERK1/2 pathway.®”)

(Continued)
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Table 4 (Continued).

Strategy EVs Yield Therapeutic Mechanism
(Compared to Outcomes
General EVs)

Extrusion Significant yield Pro-osteogenesis Promote proliferation, migration, and osteogenic differentiation ability of
enhancement (>10%) PDLSCs.”

Freezing-thawing | Significant yield Promotion of wound Promote proliferation, migration, and tube formation ability of HUVECs;
enhancement (>10%) | healing Alleviate inflammation; Promote regeneration of granulation tissue,

collagen fibers, and elastic fibers.”®

Note: The symbol “/” denotes that specific data were not reported in the referenced literature.

Abbreviations: EVs, extracellular vesicles; DPSCs, dental pulp stem cells; SHEDs, stem cells from exfoliated deciduous teeth; SCAPs, stem cells from apical papilla; PDLSCs,
periodontal ligament stem cells; GMSCs, gingiva-derived mesenchymal stem cells; DFSCs, dental follicle stem cells; MISEV2023: minimal information for studies of
extracellular vesicles 2023; HUVECs, human umbilical vein endothelial cells; SPRED, sprouty-related expression, EVHI domain containing protein |; ERK, extracellular
signal regulated kinase; LOXL2, lysyl oxidase-like 2; HIF-10, hypoxia inducible factor-I; LPS, Lipopolysaccharide; Th17, T helper cell 17; Treg, regulatory T cell; SCs, Schwann
cells; MSCs, mesenchymal stem cells; P2X7R, P2X7 receptor; OM, osteogenic differentiation medium; OM-EV, EVs derived from SHEDs cultured under osteogenic
differentiation medium; BMSCs, bone marrow mesenchymal stem cells; STS, staurosporine; ECs, endothelial cells; eNVs, extruded nanovesicles; ACDVs, a new type of
artificial cell-derived vesicles; EVMs, EV mimetics; GMP, good manufacturing practice.

selection criteria should align with target applications: hypoxia/apoptosis-primed EVs for angiogenesis, immunomodulatory-
polarized EVs for inflammatory conditions, and genetically-modified/ predifferentiated EVs for osteo/odontogenic regeneration.

Current advances in preconditioning strategies for dental stem cells-derived EVs demonstrate significant therapeutic
potential, yet critical challenges remain to be addressed for clinical translation: (1) Standardization challenges: Current
studies exhibit substantial heterogeneity in processing protocols, necessitating the establishment of well-defined opera-
tional standards for clinical translation. Critical parameters (preconditioning duration, cytokine concentrations, etc)
require systematic optimization and consensus guidelines. (2) Combinatorial strategies: Preconditioning approaches
demonstrate synergistic potential when integrated with complementary modification techniques. For instance, coupling
yield-enhancement methods (eg dental stem cells extrusion or freezing-thawing cycling) with functional preconditioning
could generate engineered vesicles with both high productivity and disease-specific therapeutic properties. This dual-
optimization paradigm addresses two major translational barriers: low EVs yield and limited targeting specificity, while
enabling personalized therapeutic development for dental applications. (3) Safety considerations: Rigorous preclinical
safety assessments are necessary, including comprehensive biodistribution analyses, target organ toxicity profiling,
verification of delivery precision, and immunogenicity evaluation.

Collectively, all preconditioning strategies face scalability challenges requiring GMP-compliant optimization, and
future efforts should prioritize combinatorial approaches to harmonize therapeutic efficacy with clinical translatability,
thereby advancing the development of tailored EVs for regenerative medicine applications.
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